This research used pulse and direct current methods to perform surface anodizing treatment of Mg-9 mass%Li-1 mass%Zn alloy (LZ91). The anodic films were analyzed with electrochemical impedance spectroscopy (EIS) for corrosion resistance. The impedance measurements show that the resistance value of anodic films made by pulse current to be 100 K at 2 Â 10 À2 A/m 2 and those made by direct current anodic films to be 65 K at 2 Â 10 À2 A/m 2 . It reveals that pulse current makes better anodic films than direct current. There were two layers in the anodic films that were verified from the EIS phase angle diagram in which three time constants existed. The structure of the film was analyzed by a FE-SEM, and the microstructure observation showed that the anodic film consists of porous and barrier layers.
Introduction
Magnesium alloys are very light metallic materials which fit for structural application. However, it is commonly recognized that ordinary magnesium alloys possess poor formability because of their hexagonal close-packed (hcp) structure. Alloying magnesium with lithium, which has extremely low density (5:34 Â 10 À4 kg/m 3 ), can further reduce the weight of magnesium alloy, and mix the hcp structure with bcc phase. [1] [2] [3] Early in the sixties, NASA had developed a series of magnesium-lithium-aluminum alloys, LA141 (14 mass%Li-1 mass%Al magnesium alloy) for example, for possible applications. However, inadequate corrosion ability of these alloys has deterred their progress. Today, the matured manufacturing technology and industry demand, especially in the 3C (computer, communication and consumer electronics) products application, have led to re-consideration of Mg-Li alloys. 4) Among the presently investigated Mg-Li alloys, the Mg-9 mass%Li-1 mass%Zn alloy (LZ91) has received intensive studies due to its low density and high formability. Many research efforts on the LZ91 have been spent to enhance its strength and formability.
3) However, little attention has been dedicated to improve the surface condition of this alloy. Here, we aimed to enhance the applicability of LZ91 by anodizing surface treatment using pulse and direct currents. Anodizing treatment is a commonly utilized process among aluminum alloys for better surface mechanical properties. It was naturally extended to Mg alloys. Actually, it has been attempted on the AZ series magnesium alloys and some commercially available techniques have been offered such as Anomag 5) and Keronite. 6) However, this study is a pioneering one to form anodic films on the LZ series magnesium alloys for evaluation and analysis.
Experimental Materials and Procedures
For anodizing treatment, the electrolyte solution consists of Na 2 SiO 3 (6 mass%) plus NaOH (7 mass%), and stainless steel was used as the cathode. Each operation was performed at 15 C for 10 min with current density of 0.5, 1, 1.5 and 2 Â 10 À2 A/m 2 , respectively. In the pulse current condition, the repetition frequency is 10 3 Hz. The anodized specimens were rinsed in deionized water for 40 seconds after removal from electrolyte solution.
The formed anodic films were non-destructively tested for the corrosion resistance. The apparatus set-up was based on alternate impedance characteristic using an AUTOLAB EN61010 frequency response analyzer which is capable of providing a frequency range between 10 6 to 10 À2 Hz range and all the samples were immersed in 3.5 mass%NaCl solution during the test.
The anodic films were investigated by field emission scanning electron microscope (JEOL JSM6500F) and transmission electron microscope (JEOL JEM-2010) for microstructure observation. The crystallographic structures were also identified by X-ray diffraction.
Results and Discussion

Characteristics of voltage-time curves
The mechanism of forming an anodic film on Mg alloy is very complicated. For example, sparking will occur under high voltage condition, which induces local high temperature leading to possible surface melting. 7, 8) The effects of pulse and direct currents on anodizing were compared in the plot of voltage response vs. time (Fig. 1) . For a lower current density such as 5 Â 10 À3 A/m 2 , voltage does not vary as a function of time, indicating that there is no formation of anodic film. When the current increased, the voltage went up with time. This effect was resulted from the formation of a thick film since it required higher voltage for the proceeding of electrolytic reaction. This high voltage would induce the sparking phenomenon due to current discharge and lead to the melting of surface.
Electrochemical corrosion test
Corrosion resistances of the anodic films on the LZ91 were measured and depicted in Fig. 2 , which was known as Nyquist diagram. The Nyquist diagram depicts the real part and the imaginary part of the complex impedance. The real part refers to the film resistance where a higher value means the better corrosion resistance, and the imaginary part refers to the capacitance where a higher value means a thicker anodic film. Our results indicate that a dense and protective film formed on the higher electric current density. From  Fig. 2 , both films formed with pulse and direct current showed remarkable resistance when the electric current density was 2 Â 10 À2 A/m 2 . However, the film formed with pulse current (with the resistance of 100 ) was denser and smoother than that formed with direct current (the resistance of 65 ). Additionally, the film formed with direct current method showed noticeable burning appearance which was not observed on the film of pulse current method.
The corrosion resistance of a film is dependent on its structure, and the phase angle plots can evaluate the corrosion resistance between different films. Figure 3 shows the phase angle plots of our anodic films. At the lower current density (5 Â 10 À3 A/m 2 ), the peaks show the anodized film at medium frequency have low phase angles (around 25 for pulse current and 17 for direct current), it reveals that the structure of these anodic films was loose and had poor corrosion resistance. However, during the higher current density operation (1 Â 10 À2 A/m 22 to 2 Â 10 À2 A/m 2 for pulse current condition and 2 Â 10 À2 A/m 2 for direct current condition), the plots show two peaks appearing at the medium and low frequency, which indicates that a dense structure has formed in these films. Compared to other plots, the film anodized by pulse current method at 2 Â 10 À2 A/m 2 , as shown in Fig. 3(a) , has a distinct peak at the frequency ranges of 10 0 $ 10 À1 Hz confirming that there exists a very dense barrier layer. Combined with the result of corrosion resistance in Fig. 2 , it indicates that this layer play a key role on improving the corrosion resistance. On the contrary, Fig. 3(b) shows that the film produced by direct current method also has two peaks at 2 Â 10 À2 A/m 2 , and has lower phase angle than that of pulse current method at the frequency ranges of 10 0 $ 10 À1 Hz. It reveals that the film had a poor corrosion resistance in direct current method, due to the loose structure of the film. Consequently, the films produced by pulse current method possessed higher resistance than those produced by direct current method.
Microstructure of anodic films
The anodic films formed with pulse and direct current were compared in Fig. 4 . The pulse current method obviously generated fewer cavities than those by the direct current method in which more sparking could induce the cavities.
The less defective anodic films by pulse current method are more corrosion resistant as verified in the aforementioned Nyquist plot analysis. Figure 5 shows the FE-SEM images of the cross section of anodic films. There are two layers in the anodic film made by pulse current method, while only one layer in the film by direct current method. The barrier layer formed under pulse current condition is denser than that the single layer by direct current. This barrier layer can inhibit or block the entry of corrosive solution into the magnesium matrix and increase the corrosion resistance of the film. It coincides with the result of phase angle plots of the anodic films (Fig. 3) . On the other hand, the anodic film formed under direct current condition possessing sparse and porous oxidation layer has a poorer corrosion resistance. Figure 6 is the cross section TEM image of the anodic film with 2 Â 10 À2 A/m 2 pulse current condition treatment. There are two layers, a porous layer in the outside and a barrier layers near the matrix, as seen in the TEM image. The interface between the porous layer and barrier layer is free of defects. In addition, many small grains exist in the porous layer (Fig. 6(b) ). They may result from the reaction of melted magnesium with the solution at the high temperature induced by the high voltage in the anodizing reaction. These small grains were identified as MgO. Figure 7 shows the result of XRD of the film formed in pulse current. The anodic film is mainly composed of cubic MgO, and Mg 2 SiO 4 . These phases can increase the hardness and corrosion resistance of magnesium alloy.
TEM cross section morphology and microstructure analysis
Conclusions
Our results indicate that higher current density yielded better corrosion resistance of the anodic films, and the thickness increased with current density in both pulse and direct current system. There were two layers formed under pulse current condition which can be identified from the phase angle diagram and FE-SEM, TEM observation. On the contrary, only one porous layer was found in the films made by direct current system. The dense and continuous barrier layer existing in the pulse-current films make the corrosion resistance better than those in direct-current films. (Mg) Fig. 7 The XRD spectrum of the anodic film formed in pulse current at 2 Â 10 À2 A/m 2 .
